Abstract-The correct assessment of non-sinusoidal, pulsed, or intermittent exposure to low frequency electric and magnetic fields already is a key issue in the occupational environment while becoming more and more important in the domain of the general public. The method presented provides a simple and safe solution for the assessment of arbitrary field typesincluding sinusoidal and continuous-wave signals-with frequencies up to several 100 kHz and has already proven its practicability and usefulness for more than 5 years. The concept is based on fundamental laws of physics and electrostimulation and well-established physiological data. It allows for a seamless and easy integration in any standard or guideline dealing with human safety in electric, magnetic, and electromagnetic fields. A very simple-to-use graphical version allows an easy and fast assessment of the exposure to nonsinusoidal, pulsed, or intermittent low-frequency magnetic fields without introducing a large overestimation of the exposure situation. A computer-based version makes a much more detailed signal analysis possible and can provide useful information for exposure reduction using modifications of the magnetic field's time parameters (e.g., rise/fall times). Health Phys. 92(6):541-546; 2007
INTRODUCTION
WHEN THE International Commission on Non-Ionizing Radiation Protection (ICNIRP) guidelines for limiting exposure to time-varying electric, magnetic, and electromagnetic fields were published in 1998, the use of non-sinusoidal, pulsed or intermittent electric, magnetic and electromagnetic fields was still limited to a few special applications and therefore was not addressed in depth within these guidelines. Especially in the low frequency range, the only information given were several notes below the tables for the basic restrictions and reference levels (e.g., Table 4 , note 3 and 4; Table 6 , note 4). For the assessment of simultaneous exposure to multiple frequency fields summation formulas were introduced. The introductory paragraph (ICNIRP 1998) clearly states that "it is important to determine whether…these exposures are additive in their effects." While this is unconditionally true for thermal effects, it only applies in very few cases to the effect of electrical stimulation because several strict conditions, e.g., frequency, amplitude and duration relationships, must be met (Reilly 1998) . However, this important information is often unknown to the user or intentionally neglected-because no other guidance is present-when using the summation formulas in the low frequency range.
In 2003, another document giving further guidance on determining compliance of exposure to pulsed and complex non-sinusoidal waveforms below 100 kHz with ICNIRP exposure guidelines was published (ICNIRP 2003) . However, only minor improvements on the usability of the summation formulas-originally from the ICNIRP Guidelines-by taking phase information into account were introduced. Also a simplified assessment method using a simple low-pass filter was shown. Although those methods take the characteristics of the waveforms and the nature of biological interactions more closely into account they still lead to a significant overestimation of the exposure to non-sinusoidal, pulsed, or intermittent magnetic fields in many cases. Especially in the extremely low frequency (ELF) range, the exposure limit set by these methods compared to the detection threshold of peripheral nerve stimulation (PNS) reaches more than two orders of magnitude for occupational exposure and is even higher if single pulses or short pulse trains are assessed (Den Boer et al. 1999; Jokela 2000; Nyenhuis et al. 2001; So et al. 2001; ICNIRP 2003; Bailey and Nyenhuis 2005) . A direct example for this overestimation of the exposure to non-sinusoidal, pulsed or intermittent magnetic fields is given in Fig. 3 of the ICNIRP document (ICNIRP 2003) , which states a peak dB/dt-value of 31.2 T s Ϫ1 for the threshold of PNS and frequencies up to 1 kHz. This value is consistent with experimental data where PNS thresholds measured in a whole-body magnetic resonance (MR) system ranged from 24.3 up to 57.6 T s Ϫ1 depending on pulse duration, gradient ramp time and field direction relative to the body. In contrast to this data the peak limit for occupational exposure is set to 0.22 T s Ϫ1 by the ICNIRP statement (ICNIRP 2003) leading to a "safety factor" of 100 and more.
Using this approach, the exposure to non-sinusoidal, pulsed, or intermittent magnetic fields is often largely overestimated and creates the unnecessary need for additional measures or prohibits the use of these field forms or technologies producing them while not improving safety at all.
Because of the ever increasing impact on workplaces and the medical sector, e.g., MR imaging (MRI), and due to advances in the area of power-semiconductors and digital control applications, the use of nonsinusoidal, pulsed, or intermittent field types became more and more widespread and created the necessity to deal with them very quickly. A new assessment method was needed that avoids any overestimation by using easy-to-apply methods without compromising safety.
On the basis of physiological data and fundamental laws of physics and electrostimulation, a new method for the assessment of pulsed electric, magnetic, and electromagnetic fields was developed and first published in 1999 (Heinrich 1999 (Heinrich , 2000 . It was incorporated in the German accident prevention regulation "Electromagnetic Fields," which was published in 2001 (HVBG 2001) . This assessment method fulfills the mandatory requirements mentioned above and has already proven its practicability in many situations.
RATIONALE
The physiological basis of the new assessment method is the fundamental law of electrostimulation also known as Lapicque's law (Lapicque 1909) or the Weiss equation:
( 1) This equation (see Fig. 1 ) links the stimulation threshold I to the physiological factors rheobase I R and chronaxie , which are tissue dependent (Bromm 1966; Bromm and Lullies 1966) . The fundamental statements of this equation are: (a) a stimulus must exceed a threshold in order to create an effect; (b) stimuli (pulses) below the threshold, i.e., the rheobase value, cannot create any stimulation even if they are very long; and (c) shorter pulses must be of higher intensity. This equation was originally derived for rectangular current pulses but is also valid for stimuli created by an external electric field E or magnetic field B, because E ϳ I and dB/dt ϳ I. For the remainder of this article the focus will be on magnetic fields; however, the concept can be readily extended to electric fields, (touch) voltages and currents, and internal current densities.
It must carefully be noted that no stimulation will ever occur when the basic limits or reference levels set by any safety standard or guideline (ICNIRP 1998; IEEE 2002) are not exceeded. However, the fundamental relationship (eqn 1) between pulse duration and intensity must be observed, in order to maintain a sufficient but not too large "safety factor."
In every excitable tissue there exists a potential difference across the membrane-for nerve fibers it has a resting value of Ϫ80 mV (cytoplasm vs. extracellular fluid)-which creates a highly directional electric field across the membrane. To create any excitation, the external stimulus must lower the membrane field strength in order to modulate gated ion channels. Because of the different locations of interaction, it is necessary to assess positive and negative values of dB/dt, e.g., rising and falling slopes of the field, separately. Resulting from different time constants of the ion channels involved, pulses with high repetition frequencies, pulse trains with long durations or asymmetric pulses with different positive and negative values for dB/dt, e.g., different rise and fall times, can create a slow shift in membrane potentials causing the possibility of sub-threshold stimulation effects, which must also be taken into account (Reilly 1998; Heinrich 2000) .
According to Lapicque's law (eqn 1), different stimuli have the same effect if the same endpoint, i.e., intensity, is reached in the same time regardless of the actual time function, if certain conditions are met. Fig. 2a and 2b show sinusoidal, triangular, and exponential signals as normalized basic time functions of the magnetic flux density B(t), with peak value B and their derivatives (Fig. 2c) . Using Lapicque's law and Fig. 2c it can be shown that sinusoidal and triangular waveforms have the same stimulating effect. For exponential signals the potential stimulation effect is lower. This finding is consistent with data from the literature (Havel et al. 1997) . It can also be shown that any arbitrary shaped signal is comparable to a sinusoidal waveform as long as the same endpoint (e.g., amplitude or field strength) is reached in the same time B and within the rising or falling slope of the signal there is no change in sign (ϩ/Ϫ) of the dB/dt value and also no section with dB/dt ϭ 0.
Comparing the stimulation effect of a continuouswave (CW) signal to a modulated or pulsed signal with pauses included, i.e., time frames where no signal is present, the evoked magnitude of the stimulation effect degrades with a function of the pauses included in the signal. To get similar stimulation responses from pulsed signals, higher amplitudes of the external stimulus are needed. This means that basic and reference levels in the low frequency range, which are given for singlefrequency, sinusoidal, CW-type fields, can be multiplied by a weighting factor V when used for the assessment of non-sinusoidal, pulsed, or intermittent exposure scenarios (Heinrich 1999; HVBG 2001) . However, it must be noted that such a weighting factor V must be limited by an upper value V max , in order to ensure safety even for very short pulses. For any single-frequency, sinusoidal, CW-type field the factor V is equal to 1, which allows for a seamless integration of the assessment of nonsinusoidal, pulsed, or intermittent exposure scenarios in the existing frameworks. Moreover, single frequency, CW, sinusoidal fields are only a special form of pulsed fields and multi-frequency exposure situations can also be covered by the pulsed field approach.
A method for setting these two factors (V, V max ) appropriately can be derived from the law of induction and the calculation of root-mean-square (rms) values:
With the law of induction (eqn 2) the electric field strength E T in the tissue can be calculated using a loop model with radius r and a homogenous magnetic flux density B inside the loop. With Ohm's law J T ϭ E T , taking the electric conductivity of the tissue into account, the commonly used current density in the tissue J T can be derived. However, it should be noted that any stimulation effect is best described by the changes of the electric field strength in the tissue or more precisely over the cell membrane. The more historical approach using the current density in the tissue is prone to errors and uncertainties introduced by electric and dielectric tissue parameters.
For a single-frequency sinusoidal magnetic field B(t) ϭ B ⅐ sin t, with ϭ 2f, the derivative dB/dt ϭ B ⅐ cos t, and therefore the electrical field strength in the tissue reaches its maximal value if ͉cos t͉ ϭ 1. Together with the weighting factor V, this leads to the maximal permissible change rate of the magnetic flux density as a new derived value:
with B L as the rms value of the reference level for frequency f P given by any safety standard or guideline. Most basic restrictions and reference levels in standards or guidelines are given as rms values. The rms value of a quantity G with time function G(t) is defined as:
The integration time T I can be chosen relatively free. For periodic functions the cycle time or its multiples are often used. However, for arbitrary functions G(t) the integration time should be not too short in order to avoid unnecessary errors. Fiber dependent physiological data connected with the stimulation effect suggest a useable timeframe of several 100 ms up to a lower numbers of seconds. For practical reasons a maximum integration time T I ϭ 1 s is chosen (Heinrich 1999; HVBG 2001) .
The rms value (eqn 4) remains unchanged, if for pulse or signal durations Ͻ T I higher values by a factor of ͱT I / are permitted. For extreme short pulses Ͻ Ͻ T I , this factor must be limited by a maximum weighting factor V max , with ͱT I / Յ V max , as introduced earlier. In the German accident prevention regulation (HVBG 2001) this value is set to V max ϭ 8, maintaining a "safety factor" of more than 10 towards any stimulation effect. However, newer research shows that values of up to 15…20 are permissible. The exact value must be determined in accordance with the basic restrictions or reference levels being used and the "safety factor" required by the safety standard or guideline.
For simple signals the assessment can be easily performed by hand using only a calculator. All necessary parameters can be derived from the time function of the signal, Fig. 3 , using the parameters given below.
T describes the time until the signal repeats itself. Usually, it is the duration of a pulse or a pulse train including the adjacent "signal pause," e.g., when no field is present. If a signal consists of different pulse types it describes segments of the signal with comparable pulse forms.
Pi references the rise or fall time of the i th slope in the signal. If the rise and fall times are different throughout the signal all parameters Pi must be recorded. For a simplified approach, which might lead to a small overestimation of exposure, i.e., a larger "safety factor," only the shortest rise/fall time P min ϭ min( Pi ) can be taken into account.
With frequency f P ϭ 1/(4 ⅐ P min ) the relevant rms value of the basic restriction or reference level B L can be looked up in the safety standard or guideline being used for assessment.
According to the law of induction (eqn 2) no electrical field is induced in the tissue if there is no change in the magnetic flux density, i.e., if dB/dt ϭ 0. Time intervals associated with those parts of the signal do not contribute to any stimulation effect and must be treated differently. Therefore, the sum of all time intervals associated with field changes must be calculated:
With the integration time set to T I ϭ T, if T Յ 1 s, and T I ϭ 1 s, otherwise, the value of the weighting factor V can be determined: V ϭ ͱT I / D , if ͱT I / D Յ V max , and V ϭ V max , otherwise.
If the condition ͱ2 ⅐ B L ⅐ V Ͼ B P is fulfilled, with B P being the peak value of the actual (e.g., measured or calculated) magnetic flux density (Fig. 3) , the exposure situation is in compliance with the safety standard or guideline being used for assessment.
A computer-based version for the assessment of more complex signals provides the means for a more detailed signal analysis. The small overestimation of the exposure introduced by the simplifications of the " P min -concept" can be eliminated by evaluating all rise/fall-times of the signal and using a more detailed underlying model of the membrane processes to address the possible effects of slow membrane potential shifts caused by highly repetitive or asymmetrical waveforms. It is also possible to show the contributions of several parts of the signal towards the whole exposure situation in greater detail. This knowledge is useful, if measures for exposure reduction at source level by changing signal parameters should be applied.
SUMMARY
The correct assessment of non-sinusoidal, pulsed, or intermittent exposure to low frequency electric and magnetic fields is already a key factor in the occupational environment but becomes also more and more important in the domain of the general public. The method presented provides a simple and safe solution for the assessment of arbitrary field types-including sinusoidal and CW signals-with frequencies up to several 100 kHz and has already proven its practicability and usefulness for more than 5 years now. The concept is based on fundamental laws of physics and electrostimulation and well-established physiological data. It allows for a seamless and easy integration in any standard or guideline dealing with human safety in electric, magnetic and electromagnetic fields. A very simple to use graphical version allows an easy and fast assessment of the exposure without introducing a large overestimation. A computer-based version allows a much more detailed signal analysis and can provide useful information for exposure reduction at signal level. Because no complicated mathematical operations are necessary a direct integration of the assessment method in measuring instruments seems possible.
Recommendations
For an upcoming revision of current safety standard(s) several recommendations can be derived from the data presented.
The currently established methods, e.g., summation formulas, for dealing with exposure to multiple frequency fields can provide a fast way for checking compliance with a safety standard or guideline, if certain adjustments and clarifications are established. First, the frequency limits used have to be carefully reviewed. It is true that Lapicque's law gives no upper frequency limit for any stimulation effect. However, under practical considerations there exist several upper frequency limits where the effect of electrical stimulation provides the major limiting factor. These are several 10 kHz for CW signals, 100 kHz for most pulsed waveforms, and several 100 kHz for short pulses. Reported stimulation effects in the MHz or GHz range are likely linked to other underlying mechanisms and must be carefully reviewed. Second, it must be clearly stated that, if the requirements set for the summation formulas are not met, this is not proof of the non-compliance of the exposure situation being assessed or that measures for exposure reduction are mandatory. A more detailed and exact analysis of the exposure situation using a more appropriate assessment method should be recommended. Third, a more detailed rationale concerning the additivity of effects regarding exposure to multiple sources or multiple frequency fields should be given.
Finally, issues of the assessment of localized and inhomogeneous exposure in the low frequency range have to be addressed.
